Fifty 18-day-old broilers were used to investigate the effects of 30% energy restriction from 18∼48 d on growth and slaughter performance, serum biochemical parameters, and gene expression of WDTC1 and Lpin2 in hepatic tissue. Fifty 18-day-old Arbor Acres female broilers were randomly divided to ad libitum group (control) and energy restriction group (experimental) and housed individually. The ad libitum group broilers were fed ad libitum with control diet, while energy restriction broilers were subjected to 30% metabolizable energy restriction (the supply of other nutrients was the same as that of ad libitum broilers). The results showed that: (1) Energy restriction significantly increased the feed efficiency (gain/feed) of birds. The average daily gain, the relative weight gain and the feed efficiency of energy restriction broilers were lower than that of ad libitum broilers during the earlier stage of the experiment (from 18∼39 d). While at latter stage of experiment (from 40∼48 d), the average daily gain, the relative weight gain and the feed efficiency of energy restriction broilers were higher than that of ad libitum broilers. (2) Energy restriction significantly reduced the abdominal fat ratio and the subcutaneous fat thickness, increased the muscle stomach weight, muscle stomach ratio, glandular stomach ratio, pancreas ratio, spleen ratio and the bursa of Fabricius ratio. There was no significant difference in leg muscle ratio and breast muscle ratio between control and experimental groups. (3) Energy restriction significantly increased serum superoxide dismutase, alkaline phosphatase, and serum uric acid, decreased serum total cholesterol, high-density lipids, malondialdehyde, lactate dehydrogenase and blood urea nitrogen. (4) Energy restriction significantly elevated Lpin2 expression level in hepatic tissue, whereas it did not significantly affect the expression of chicken WDTC1 gene in hepatic tissue.
Introduction
Short-time feed restriction in the early growth stage of broilers has been adopted in commercial broiler production to reduce the mortality rate, the incidence of metabolic disorders such as ascites, lameness, sudden death syndrome and fat deposition (Lippens et al., 2000; Camacho et al., 2004; Pan et al., 2005) . Such system results in temporary reduce of growth rate, while the normal weight of broilers can be attained on removal of feed restriction, thus improving the feed efficiency and decreasing the feeding cost (Yang et al., 2009) . The increasing preference of consumers for leaner products has lead to interest in research on effectively reducing abdominal fat deposition.
In addition, energy restriction was considered beneficial to human health. Some researches about energy restriction on rodents, nonhuman primates showed that prolong energy restriction could reduce mortality rate, oxidative stress, visceral fat, energy expenditure, insulin et al. (Heilbronn and Ravussin, 2003) , and lead to the great changes of gene expression pattern (Lee et al., 1999; Higami et al., 2004) . Research on rats has showed that after 4∼6 weeks of feed caloric restriction, the requirements for their weight maintenance were 60% of the initial requirements (Lee and Lucia, 1961a, b) . However, most studies about the effects of feed restriction on broilers were based on short time (one week or so) quantitative restriction or dilute diet with group raising and mixed-sex population in the early growth stage of broilers. Few studies aimed at evaluating the effect of longer-time energy restriction on broilers' growth and carcass traits based on monosexual population and individual cage raising way.
WDTC1 (also named as Adipose) and Lipin 2 (Lpin2) were two genes related with energy homeostasis. WDTC1 was an evolutionarily conserved gene isolated from naturally occurring obese flies homozygous for an adipose mutation (Suh et al., 2007) . WDTC1 gene appears to inhibit fat formation in a dosage-sensitive manner (Suh et al., 2007) . Loss of WDTC1 activity promotes increased fat storage and gain-of-function of WDTC1 causes a specific reduction of the fat body in Drosophila (Hader et al., 2003) . WDTC1 Variants were found to be strongly associated with obesity too (Lai et al., 2009) . Lpin2 was a phosphatidic acid phosphohydrolase enzyme gene, which was first cloned in mouse and human (Peterfy et al., 2001) . Lipin family members play important roles in lipid, glucose metabolism and adipocyte development (Reue and Dwyer, 2009) . It was hypothesized that energy restriction would affect the performance and carcass traits of broilers, that may be reflected in the serum biochemical parameter and gene expressions of WDTC1 and Lpin2. Therefore, the present study aimed to investigate the effect of dietary energy restriction from 18 to 48 d on growth performances, carcass traits, serum biochemical parameters and expressions of WDTC1 and Lpin2 in broilers. Because chicken was an important economic animal and model animal (Brown et al., 2003) , the study about the effect of energy restriction on broilers would provide a reference for broiler production and human health.
Materials and Methods

Birds and Experimental Design
One thousand Arbor Acre (AA) broilers were fed on the broiler starter diet in the 1∼17 d according to the recommendations of Chinese Feed Standard of Chicken (CFSC, 2004) . The starter diet contained 12.55 MJ/kg metabolizable energy (ME), 215 g/kg crude protein (CP), 11.5 g/kg lysine and 5.0 g/kg methionine. Fifty healthy female broilers with similar weight (±30 g) were selected at 18 d and randomly allocated to ad libitum group (AL) and energy restriction (ER) group. Chicks were tagged and housed individually in stainless steel cages in an environment controlled room with 23 hours illumination. From 18∼48 d, AL broilers were fed ad libitum with control diet (13.17 MJ/kg ME, according to CFSC, 2004) . Each ER broiler was subjected to 30% energy restriction (except metabolizable energy, the supply of other nutrients for ER broilers were the same as that of AL broilers). In this study, in order to decrease 30% ME supply of ER broilers, each ER broiler was fed with low energy (LE) diet on 80% ration of the average daily feed intake of the AL counterparts at every day (the average daily feed intake of the AL broilers was calculated at every day). The feed ingredients and chemical compositions of two experiment diets (air-dried feed), the supplied nutrients of ER group and the nutrient ratios between ER group and AL group were shown in Table 1 .
The broilers were weighed individually at 18, 31, 40 and 48 d respectively. The average daily gain (ADG), relative weight gain (RWG) and feed efficiency (body gain/feed) of broilers was calculated. After being fasted for 12 hours, all broilers were killed at 49 d. Five mL blood was collected from each bird for analysis of serum biochemical parameters. Immediately after slaughter, heart, liver, glandular stomach, muscular stomach, spleen, pancreas, bursa of Fabricius, breast muscle, leg muscle and abdominal fat pad were excised and weighted. The relative organ/tissue weights were calculated. Subcutaneous fat thickness was measured at the caudal spondyle including the skin and fat width with a vernier caliper after dressing. Hepatic tissue samples of broilers were collected and snap frozen in liquid nitrogen, and then stored at −70℃ for RNA extraction. 
Serum Biochemical Parameters
Blood samples were placed in slant way at room temperature for 30 min, and then centrifuged at 3000 rpm for 15 min in 4℃. Separated serum was kept at −20℃ for the measurement of biochemical parameters. The content of alkaline phosphatase (ALP), blood urea nitrogen (BUN), uric acid (UA), total cholesterol (CHO), high density lipids (HDL), lactate dehydrogenase (LDH), triacylglycerols (TG) and glucose in serum were determined with commercial kits (Jiancheng, Nanjing, China), using the Hitachi 911 analyzer (Roche, Switzerland). Serum superoxide dismutase (SOD) and malondialdehyde (MDA) were measured by commercial kits (Jiancheng, Nanjing, China). Serum insulin level was measured by enzyme-linked immunosorbent assay (ELISA) with commercial kits (CUSABIO).
cDNA Sample Preparation and Differential Expression of Lpin2/WDTC1
Total RNAs for chicken hepatic tissues were extracted by Trizol reagent according to the manufacturer's instructions (Takara). Total RNA (1 μg) was subsequently reversely transcribed with PrimeScript ® RT reagent kit with gDNA Eraser (Takara) according to the manufacturer's instructions. TaqMan probe-based real-time quantitative PCR (QPCR) were used to detect the expression difference of WDTC1 (XM_417728. 2) and Lpin2 (NM_001006386. 3) in hepatic tissues between AL group and ER group birds. 18S ribosomal RNA (18s rRNA, AF173612.1) and β-actin (X00182. 1) were used as the internal control. The QPCR primers and the reaction conditions were optimized. The QPCR primer sets for the expression of WDTC1, Lpin2, 18s rRNA and β-actin were presented in Table 2 . The standard curve for each gene was constructed with purified PCR products generated using the specific primers of each gene, template cDNA was quantified using spectrophotometer and serially diluted tenfold to span the range of predicted CT values that would be obtained from experimental samples. The calculation method of copy number for each template was performed according to the reference (Gangisetty and Reddy, 2009 ). In the case of negative control, cDNA was not added. QPCR reactions were performed as two-step reactions in ABI 7500 (Applied Biosystems) using TaqMan TM fluorescent probe, and QPCR amplification was done in a total volume of 25 μL containing 12.5 μl TaqMan Universal PCR Master mix, 1.0 μL cDNA (1 μg/μL), 0. 5 μL of each specific forward and reverse primer (12.5 μM), 2.5 μL TaqMan TM fluorescent probe (2.5 μM), and following next parameters: 5 min at 94℃ for predegeneration, then followed by 40 cycles at 94 ℃ for 20 sec, 60℃ for 1 min. Fluorescence signals were collected for rendering amplification curves and standard curves. The target gene expressions of the samples were exhibited as percent change from control.
Statistical Analysis
Statistical analyses were performed by SPSS 11.0. The effects of energy restriction on growth, carcass traits and serum biochemical parameters were analyzed by one-way ANOVA. The Pearson correlation coefficients between Lpin2/WDTC1 expression level and carcass traits, serum biochemical parameters were computed by the bivariate correlations procedure with 2-tailed test. P＜0.05 was considered significant.
Results
Effects of Energy Restriction on Growth Performance of Broilers
The growth performances of broilers were presented in Tables 3 and 4 
Effects of Energy Restriction on Meat Performance of Broilers
The meat performances of broilers were presented in Table   5 . ER broilers had lower eviscerated carcass ratio and higher claw ratio (P＝0.0004) compared with AL broilers. Energy restriction of 30% from 18∼48 days significantly reduced the abdominal fat ratio and subcutaneous fat thickness (P＜ 0.0001) of broilers. The ER broiler's abdominal fat ratio was only 35% of that of AL broilers. There was no significant difference in leg muscle ratio and breast muscle ratio between AL and ER broilers.
Effects of Energy Restriction on Internal Organ Weight/ Ratio of Broilers
The internal organ weights/ratios of broilers were shown in Table 6 . ER broilers had lower heart weight and liver weight than those AL broilers (P＝0.0004), while there were no significant difference in heart ratio and liver ratio between ER and AL group. Energy restriction significantly increased pancreas ratio (P＝0. 002), glandular stomach ratio (P＝ 0.0003), spleen ratio (P＝0. 0109) and bursa of Fabricius ratio (P＝0.008), while Energy restriction had no significant effect on spleen weight, pancreas weight, bursa of Fabricius weight and glandular stomach weight. Energy restriction significantly increased both muscular stomach weight (P＝ 0.024) and muscular stomach ratio (P＜0.0001) of broilers.
Effects of Energy Restriction on Serum Biochemical Parameters of Broilers
The serum biochemical parameters of broilers were shown in Table 7 . Energy restriction significantly increased serum SOD (P＝0.03), ALP (P＝0.013), LDH (P＝0.013) and dramatically reduced BUN (P＝0.0006), UA (P＝0.0003), CHO (P＜0.001), HDL (P＜0.001) and MDA (P＝0.0001). There was no significant difference for serum glucose, TG and insulin levels between AL and ER broilers. Note: eviscerated carcass ratio, breast muscle ratio, leg muscle ratio and abdominal fat ratio were as percentages of live weight; SEM: standard error of mean; Note: P＜0.05 was considered significant. Differential Expression of WDTC1 and Lpin2 mRNA WDTC1 and Lpin2 mRNA levels were quantified via TaqMan QPCR in chicken hepatic tissue of AL and ER broilers. Comparing with β-actin expression value in this experiment, the levels of 18s rRNA mRNA detected in different dietary groups were more constant, with no statistical difference found between levels of 18s rRNA mRNA in any of the samples. So Lpin2 and WDTC1 mRNA levels were corrected for 18s rRNA here (Fig. 1) . Analysis showed that 30% energy restriction significantly elevated the expression of Lpin2 in chicken hepatic tissue (P＝0.021), whereas the expression of WDTC1 had no significant difference in chicken hepatic tissue (P＝0.679) between ER and AL group.
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Correlation of Lpin2/WDTC1 Gene Expression with Growth, Carcass Traits and Serum Biochemical Parameters
The correlation coefficients between the expression level of the WDTC1/Lpin2 gene and growth, carcass traits and serum biochemical parameters were presented in Table 8 . The expression of WDTC1 had a strong positive correlation with Lpin2 (P＝0.000). Lpin2 expression level was negative correlated with abdominal fat percentage (P＝0.026), while WDTC1 expression level did not present significant correlation with abdominal fat percentage. In addition, the expression levels of WDTC1 and Lpin2 were not significantly correlated with ALP, BUN, UA, LDH, CHO, TG, HDL, glucose, weight, subcutaneous fat thickness and insulin level, respectively. 
Discussion
Our study showed that 30% feed energy restriction significantly increased the feed conversion efficiency (gain/ feed) of broilers, and it effectively slowed down the decreasing speed of the relative weight gain and feed efficiency of broilers along with the age, which was in accordance with the phenomenon that feed energy restriction significantly promoted the development of chicken digestive system (Zubair and Leeson, 1994) . We also found that at the early stage (18∼30 d and 31∼39 d), the relative daily gain and feed efficiency of ER broilers was lower than those of AL broilers, but at latter stage, the relative daily gain and feed efficiency of ER broilers (after 3 weeks' energy restriction) significantly exceeded those of AL broilers. It reflected that after adapted to the energy restriction scheme, the feed efficiency of birds was dramatically improved, which may be related with the reduction of the weight maintenance requirements and enhance of the nutrients uptake for broilers as the effects of long-term feed restriction on rats (Lee and Lucia, 1961a; Ferraris et al., 2001) . Research on rats has shown that after 4∼6 weeks of feed caloric restriction, the requirements for weight maintenance were 60% of the initial requirements (Lee and Lucia, 1961a, b) . It was reported that the nutrition availability of rats did not obviously raise in the situation of starvation for 1∼10 days, feed caloric restriction of 30% for 24 days enhanced only fructose uptake, whereas feed caloric restriction of 30% for 270 days enhanced uptake of all nutrients by 20%∼100% (Ferraris et al., 2001) . Until now, there were no related reports in chicken. Our study showed the potential value of long-time feed energy restriction project on meat chicken production, especially on meat chicken with longer marketing age.
The different restriction schemes seemed to influence the effects of feed restriction on fat deposition. Some studies reported that the fat contents of birds was decreased by early feed restriction (Jones and Farrell, 1992; Yang et al., 2009) , however some other studies reported that fat deposition (abdominal and carcass) was increased by early feed restriction (Fontana et al., 1992; Giachetto et al., 2003) . In our study, 30% energy restriction significantly reduced broiler's fat deposition. Considering that the restricted energy in ER broilers was mainly from feed fat (36.01% of AL broilers) in our study, it was necessary to make clear whether the decrease of fat deposition in ER broilers was mainly caused by the reduce of feed fat supply.
Similar to the effect of energy restriction on rodents and nonhuman primates (Heilbronn and Ravussin, 2003) , feed restriction in broilers also produce the effect of alleviating oxidative stress. Agreement with the report of Pan et al. (2005) , here 30% energy restriction from 19∼48 d significantly increased serum SOD activity and serum UA level, and decreased serum MDA concentration. The increased antioxidant enzymatic activity might contribute to decreased lipid peroxidation damage (Pan et al., 2005) . Decreased serum MDA concentration indicated the decrease in the generation of reactive oxygen species (ROS). In addition, serum uric acid not only reflects changes in protein catabolism, but it is a potent regulator of oxidative stress too (Rajman et al., 2006) . Some studies reported that fasting and feed restriction increased serum uric acid in layer (Mbugua et al., 1985; Alonso-Alvarez and Ferrer, 2001 ). Our study also showed that 30% energy restriction significantly increased serum uric acid in broilers. Lipid accumulation in cells depends upon the balance between lipogenesis and lipolysis of triacylglycerol and it was subjected to both nutritional and hormonal control (Kersten, 2001) . In the present study, 30% energy restriction reduced the serum CHO and HDL level (P＜0. 001), however, its effect on serum TG level was not significant. A study showed that severe and moderate quantitative feed restriction significantly decreased total plasma lipids (at 44, 58, 72 and 100 days), CHO (at 44, 58, 72 and 100 days), HDL (at 30, 58, 100 days) and TG (at 58 and 100 days) of broiler breeder chickens, while there was no significant effect on TG level at early phase (at 30 and 44 days) of broiler breeder chickens (Rajman et al., 2006) .
In our study, 30% energy restriction resulted in the decrease of LDH activity. The study on obese ponies also showed that restricted feeding of obese ponies led to a reduced LDH (Van Weyenberg et al., 2008) . ALP was closely associated with metabolism of the Ca and P (Jurani et al., 2004) . In consistent with the results in restricted chicks (Rajman et al., 2006) and broiler breeder hens (Hocking et al., 1996 (Hocking et al., , 2001 , our study showed that 30% energy restriction significantly increased ALP level of broilers.
Insulin could promote the organ and cell to utilize the glucose, decrease blood glucose and accelerate the synthesis of glycogen, fat and protein. In accordance to the related literatures (Lee and Lucia, 1961a, b; Yaman et al., 2000a, b; Rajman et al., 2006) , 30% feed energy restriction did not affect plasma glucose and insulin concentrations in broilers.
WDTC1 and Lpin2 were two genes related with energy homeostasis. WDTC1 appeared to inhibit fat formation in a (Suh et al., 2007) . Mouse Lpin2 expression levels in white adipose tissues were largely suppressed by high fat diet, and up-regulated seven-fold to eight-fold by 30% calorie restricted intervention (Paulson et al., 2010) . These showed the potential positive correlation between the expression of WDTC1 and Lpin2 in adipose tissue. In our study, the expression of WDTC1 and Lpin2 in hepatic tissues also showed strong positive correlation, but energy restriction did not result to the change of WDTC1 expression level in chicken hepatic tissue. Mouse Lpin2 was a liver-enriched phosphatidic acid phosphohydrolase enzyme (PAP-1). Mouse Lpin2 expression in hepatic tissues was markedly increased by food deprivation (Gropler et al., 2009) . Our study showed that 30% energy restriction significantly elevated the expression of Lpin2 gene in hepatic tissue of broiler and Lpin2 expression displayed markedly negative correlation with abdominal fat ratio.
In conclusion, singular 30% feed energy restriction significantly increased the body gain, and feed efficiency of broilers at latter stage, and decreased fat content of broiler, which could be reflected by the change in serum biochemical parameters, and gene expression of Lpin2.
